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The existence of two genetic variants of haemoglobin in sheep of different breeds has been demonstrated (e.g. Harris & Warren, 1955; Cabannes & Serain, 1955; Evans, King, Cohen, Harris & Warren, 1956; Evans, Harris & Warren, 1957; der Helm, van Vliet & Huisman, 1957; Huisman, van Vliet & Sebens, 1958 a) . The haemoglobin type moving more rapidly towards the anode in paper electrophoresis at pH 8 6 was called Hb-A or Hb-II, and the slow-moving haemoglobin has been designated as Hb-B or Hb-I. Further experiments have shown that the two haemoglobin types differ in chromatographic behaviour on the cation exchangers CM-cellulose and Amberlite IRC-50, in rate of denaturation by alkaline reagents, and in solubility in concentrated salt solutions; analyses of the amino acid compositions of the two variants have shown that Hb-A contains more threonine, serine and glutamic acid and Hb-B more glycine, alanine and aspartic acid (van der Helm et al. 1957; de Brande & Meyering, 1960) . The hybridization behaviour of the haemoglobins was studied by Shreffler & Vinograd (1962) , who demonstrated that Hb-B more readily dissociates into its sub-units than does Hb-A at both acid and alkaline pH. Studies of the equilibria of the haemoglobin variants with oxygen revealed a higher affinity of the Hb-A type as compared with the Hb-B type (Huisman et al. 1958a) .
It has been shown (Huisman et al. 1958a; Huisman, van der Helm, Visser & van Vliet, 1958 b; Vliet, 1960 ) that quantitative changes in the amounts of Hb-A and Hb-B may occur in a sheep heterozygous for both variants (AB sheep) when such an animal is submitted to the stress of severe anaemia. According to the observations of Blunt & Evans (1963) this response to anaemia may be due to either an increased production of foetal haemoglobin or the formation of a new haemoglobin, electrophoretically similar to Hb-B and different from foetal haemoglobin (Hb-F). The present paper describes additional studies of the changes in the haemoglobin in AB sheep and in sheep homozygous for Hb-B (B sheep) were made anaemic by repeated bleeding according to the scheme presented below. Blood samples from these animals were collected at regular intervals and analysed. In addition, blood samples from two lambs heterozygous for Hb-A and Hb-B and two lambs homozygous for Hb-B were studied at periodic intervals after birth. All animals, who were studied while in the animal quarters of the Laboratory, were kept free of parasites by the administration of antihelminthics. It may therefore be assumed that no additional blood loss due to intestinal parasites had occurred.
Haematological studies and the preparation of erythrocyte haemoly8ates. The blood samples were collected in heparin and centrifuged to remove the plasma. The erythrocytes were washed three times with 0 9 % NaCl solution to which were added 50 units of penicillin and 250jug. of streptomycin/ml. The packed erythrocytes were mailed immediately from The Netherlands to the U.S.A. by air. No deterioration of the samples was noted under these conditions. Haematological studies were performed in the haematological laboratory of the Department of Internal Medicine of the State University of Utrecht, The Netherlands (Dr K. Punt), by the conventional laboratory procedures (Wintrobe, 1962) . The erythrocytes of sheep 2357 were also separated by centrifugation into young and old erythrocytes by the method of Borum, Figueroa & Perry (1957) .
Electrophoretic and chromatographic studies. Starch-gel electrophoresis was carried out by a slight modification (Huisman, 1963) of the procedure developed by Smithies (1955) . Chromatographic separation of Hb-A, Hb-B, Hb-C and Hb-F was obtained with DEAE-cellulose (Huisman & Dozy, 1962) . The same procedure, but on a larger scale, was used for the isolation of greater quantities of the different haemoglobin types (Huisman & Dozy, 1962) .
Characterization of the isolated haemoglobin component8. Absorption-spectral measurements were performed with a Beckman DK-2 spectrophotometer and quartz cuvettes of 1-0 cm. light-path. The solubility of the three isolated haemoglobin variants A, B and C in concentrated salt solutions was determined by the method of Derrien (1952) : Bioch. 1964, 93 401 G. vA VLIET AND T. H. J. HUISMAN the final haemoglobin concentration was 1-0 g./100 ml. Gross structural differences between the polypeptide chains of the haemoglobins were studied by hybridization experiments and by starch-gel electrophoresis in sodium formateformic acid buffer, pH 19 (Muller, 1960; Huisman, 1963) . The hybridization procedure was similar to that described for human haemoglobin types (Gammack, Huehns, Lehmann & Shooter, 1961; Huisman, 1963) . A small volume (0 5 ml.) of a particular haemoglobin solution (5 g./100 ml.) was mixed with an equal quantity of canine haemoglobin solution of approximately similar concentration and the mixture separated into two equal portions. One portion was dialysed for 7 hr. against 0.1 M-sodium acetate-acetic acid buffer, pH 4 7, at 40 followed by dialysis overnight against the tris-EDTA-borate buffer used in starch-gel electrophoresis (Huisman, 1963) . The control mixture was treated similarly except that the dialysis was against water rather than sodium acetate-acetic acid buffer. The formation of hybrid haemoglobins was studied by the starch-gelelectrophoretic procedure mentioned above.
Oxygen equilibrium experiment8. Construction of oxygen dissociation curves at 370 was performed by the procedure described by Brinkman & Dirken (1940) . Total erythrocyte haemolysates containing 5 g. of haemoglobin/100 ml. and isolated haemoglobin components in solutions of 0-8-1-0 g. of haemoglobin/100 ml. were studied. The solutions, which had been dialysed for 24 hr. against a large volume of a 0-1 M-potassium phosphate buffer, pH 7-4, at 40 were each equilibrated with oxygen at a different pressure (10-80 mm.Hg) in 150 ml. tonometers at 40 mm. pCOa and 37°.
The determination of the percentage oxygen saturation was made with a Zeiss spectrophotometer (model PMQ-II), by the procedure described by Jonxis & Boeve (1956) for the concentrated haemoglobin solutions, and by that described by Meyering, Israels, Sebens & Huisman (1960) for the more dilute haemoglobin solutions. The pH measurements were carried out on a Radiometer model 4 pH-meter at 250; each value obtained was corrected to 370 by using the factor given by Rosenthal (1948) . The logP50 value, which is the value of the P02 at which 50% saturation of the haemoglobin with oxygen was observed, and the factor n, a measure of the haem-haem interaction, were calculated from the linear relationships attained by plotting the logarithms of the P02 against the logarithms of y/(100 -y), y representing the percentage oxygen saturation of the haemoglobin.
RESULTS
Electrophoretic and chromatographic characteristics of sheep haemoglobins. An example of the separation of Hb-A and Hb-B by starch-gel electrophoresis is presented in Fig. 1 . The haemoglobin sample obtained from the AB sheep 2357 under normal conditions consisted of two major fractions, the fast-moving Hb-A and the slower-moving Hb-B, which possesses an electrophoretic mobility identical with that of human Hb-A. A minute amount of a slower-moving fraction was also detectable. This component, designated Hb-C, was present in much larger quantities during the experimental anaemia and ultimately replaced Hb-A entirely ( Fig. 1 ).
In the separation of the Hb-A, Hb-B and Hb-C, starch-gel electrophoresis was found to be superior to any other electrophoretic procedure, paper electrophoresis particularly. The degree to which the three haemoglobins were separated by DEAEcellulose chromatography is shown in Fig. 2 . As expected from the electrophoretic mobilities, the Hb-C was eluted first, followed successively by Hb-B and Hb-A. Since the separation of the haemoglobin variants was almost complete, calculation of the proportion of each haemoglobin type in mixtures was possible. Fig. 2 also shows a chromatogram of the haemoglobin of a newborn lamb (no. 11) from a blood sample collected 15 days after birth. Four haemoglobin fractions were detectable. The major haemoglobin fraction, which was identified as Hb-F, was eluted between the Hb-B and the Hb-A. A small but distinct proportion of Hb-C was also present. The greater part of each haemoglobin component, eluted from these columns, was combined and concentrated by CMcellulose chromatography . Some idea of the degree of purity of these isolated components can be obtained by reference to their mobilities in starch-gel electrophoresis (Fig. 3) . Mutual contamination of the haemoglobin variants was minimal or absent. Fig. 4 . As a result of this treatment a very severe anaemia developed (Table 2 and Fig. 4) , which was microcytic and slightly hypochromic with a moderate reticulocytosis. The total haemoglobin concentration decreased from 12-2 g./100 ml. to a final value of 2-8 g./100 ml. Electrophoretic and chromatographic analyses of the haemoglobin in the blood samples collected at various intervals revealed a continuous decrease in the percentage of Hb-A and a corresponding increase in the percentage of Hb-C, whereas no significant change in the percentage of Hb-B was observed. No Hb-A was detectable during the final 2 weeks of the anaemic period, whereas the total proportion of Hb-C increased to such an extent that it was only slightly less than that of Hb-B (Fig. 4) . Significant differences in the proportions of Hb-A and of Hb-C were found for young and old erythrocytes. There was a marked rise in the percentage of Hb-C in the young erythrocytes as compared with that of old erythrocytes during the course of the anaemia, and the concentration of Hb-A was lower in the young erythrocytes than in the older cells. No significant difference in the percentage of Hb-B in the two cell layers was observed.
Response of an AB sheep and a B sheep to moderate blood loss and the recovery from the anaemia. A similar experiment was carried out with the AB (a) A, B, (7 and F. The visible-light-absorption spectra of the oxy, deoxy, carbonmonoxy, met and cyanmet derivatives of the four haemoglobin types, 087 and with the B sheep 289. The quanti-isolated by DEAE-cellulose chromatography, were lood removed each week were slightly less identical. Also, no striking differences were obose removed from sheep 2357. This treat-served between the ultraviolet-absorption spectra 3sulted in a rather severe anaemia with of the four haemoglobin types. The solubilities of hypochromic and microcytic erythrocytes Hb-A, Hb-B and Hb-C in phosphate solutions of oderate reticulocytosis (Table 3 and Fig. 5 ). different molarities, as determined by the techimals were maintained at a total haemo-nique of Derrien (1952) , were markedly different. concentration of approx. 5 g./100 ml. for The relatively low solubility of Rb-A compared whereupon the bleeding was discontinued. with that of Rb-B (van der Relm et at. G. VAN VLIET AND T. H. J. HUISMAN globins in sodium formate-formic acid buffer, pH 19 (Muller, 1960; Huisman, 1963) , since with this technique a complete separation of the two basic polypeptide chains of these proteins can be obtained. Examples of the results obtained are shown in Fig. 6 . The three globin types share one polypeptide chain, which has been identified as the a-polypeptide chain (Muller, 1961) . The non-ocpolypeptide chains possessed different electrophoretic mobilities, indicating differences in structural composition. The non-cc-chain (i.e. the ychain) of the foetal haemoglobin showed an electrophoretic mobility that was slightly greater than that of the corresponding chain of Hb-C under these experimental conditions. The presence of identical a-polypeptide chains and different non-cc-polypeptide chains in Hb-A, Hb-B and Hb-C was confirmed by the formation of hybrid haemoglobins from mixtures of these haemoglobin types with canine haemoglobin. presence of two newly formed haemoglobin fractions. The fraction that showed the slowest electrophoretic mobility and that is composed of the a-chains of sheep haemoglobin and the schains of canine haemoglobin, ocxheePpan (Ruisman, 1963) , was present in each of the three hybrid mixtures, indicating the presence of identical ccpolypeptide chains in the sheep haemoglobin types A, B and C. The other hybrid haemoglobins produced by recombining the sub-units of canine haemoglobin and the three sheep haemoglobins behaved differently in starch-gel electrophoresis. The mobility of that produced from mixtures of cdnine haemoglobin and Hb-A was greater than that of Hb-A. The component formed in mixtures of canine haemoglobin and Hb-B moved ahead of the Hb-B and was slightly slower than Hb-A. The hybrid haemoglobin formed in mixtures of canine haemoglobin and Hb-C possessed an electrophoretic mobility that was slightly greater than that of Hb-B. 
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Vol. 93 HAEMOGLOBIN TYPES OF SHEEP DURING ANAEMIA 407 Physiological propertie8 of haemoglobin8 A, B saturation values were plotted versus the corrected and C. Fig. 8 shows examples of the oxygen dis-logarithms of the P02 at pH 7-0 (at 37°). The sociation curves of Hb-A, Hb-B and Hb-C, which difference in oxygen affinity between the Hb-A and had been isolated by DEAE-cellulose chromato-Hb-B, which has been described by Huisman et al.
graphy. The curves were constructed from data (1958a), was confirmed. The affinity of Hb-C for obtained for solutions containing approx. 1 g. of molecular oxygen was identical with that of Hb-A; haemoglobin/100 ml., which were dialysed against the logP50 values for both haemoglobin types were OI-M-potassiumphosphatebuffer,pH7-4.Theoxygen 1-240, whereas the logP50 value for Hb-B was 1-440. Similar experiments were carried out with more concentrated total haemolysates of the red blood 6-1 g./100 ml.) and of the dog are also shown; these samples are labelled (a) and (e) respectively. 
DISCUSSION
The simultaneous use of more advanced electrophoretic and chromatographic techniques has provided additional information on the changes in the quantities of the haemoglobin types of sheep during the stress of severe anaemia. As a result of this the interpretation of the observations of the changes in the proportions of the two haemoglobin types in AB sheep during severe blood loss, made by Huisman et al. (1958 a) , is no longer tenable. The present findings strongly suggest that under such circumstances a new haemoglobin type with distinct physicochemical properties is produced. This haemoglobin component, designated Hb-C, replaces one of the two adult haemoglobin types, namely Hb-A, whereas the formation of the second haemoglobin, Hb-B, seems not to be affected. The oxygen affinity of Hb-C was found to be identical with that of Hb-A. The new haemoglobin type was often detectable in small amounts in the blood of heterozygous sheep that were suffering from a mild hypochromic microcytic anaemia.
The results of the hybridization experiments and starch-gel-electrophoretic studies at low pH leave little doubt that one of the two polypeptide chains of Hb-C differs from the corresponding chains of the other haemoglobin types, whereas the same second polypeptide chain, the cx-chain, is present in all four haemoglobin variants. Preliminary results of experiments, which are not described in detail in the present paper, indicate the existence of more than one difference in the amino acid composition of Hb-C as compared with those of Hb-A, Hb-B and Hb-F. Particularly striking were the differences in the number of methionine and isoleucine residues. No isoleucine was present in either Hb-A or Hb-B, whereas 2 and 4 residues of this amino acid were found in Hb-C and Hb-F respectively.
The number of methionine residues were 6, 8, 2 and 4 for Hb-A, Hb-B, Hb-C and Hb-F respectively. Because of these differences and of other deviations in the amino acid compositions of Hb-A and Hb-B (van der Helm et al. 1957) , it seems of basic importance to investigate the primary structure of the different sheep haemoglobin variants. Such studies are at present in progress.
There is apparently a specific replacement of Hb-A and not of Hb-B by another haemoglobin type in experimental anaemia. Although the present study failed to demonstrate any change in the Hb-B component, the possibility of the formation of an altered haemoglobin type with identical electrophoretic and chromatographic properties cannot be excluded. Application of additional techniques, including structural studies of the 'Hb-B' types isolated before and during severe anaemia, may prove of further value. The physiological characteristics of Hb-B, as determined by its oxygen equilibrium, did not change during the period of severe anaemia.
The continuous presence of rather large amounts of Hb-C in the post-anaemic period is also noteworthy. During the 70 days after the last bleeding of the AB sheep 9087 the total concentration of Hb-C present in the blood had remained constant at approx. 1 5 g./100 ml. (Fig. 5) , whereas during the recovery phase a continuous rise in the concentrations of both Hb-A and Hb-B was observed. One might therefore postulate that during this period distinct erythrocyte types containing specific (mixtures of) haemoglobin variants are produced. The rate of production of erythrocytes containing mainly Hb-C and probably Hb-B (or an unknown variant with similar properties) seems to balance their destruction rate, whereas the formation of erythrocytes with mainly Hb-A and probably Hb-B greatly exceeds the rate of breakdown of these cells.
The nature of the genetic control of the sheep haemoglobins A and B is of fundamental interest because of the fact that the non-oc-polypeptide chains of these haemoglobin types appear to differ by perhaps 10-20 amino acid residues, though the evidence both from pedigrees and population data for single-gene control of these polypeptide chains seems to be convincing (van der Helm et al. 1957; Huisman et al. 1958a) . Different mechanisms of mode of inheritance, including one postulating single-gene control of the two different polypeptide chains by a pair of alleles at a regular locus, have been discussed (Shreffier & Vinograd, 1962) . The problem has become more complicated by the present evidence for the existence of a regulatory mechanism that is active in anaemic states and results in the increased production of a third (and possibly a fourth) type of haemoglobin in heterozygous AB sheep. It seems, at present, not possible to develop a genetic scheme of mechanisms that will adequately explain all the observed facts. Any final conclusion must be based on the results of detailed analyses of the primary structures of the haemoglobin types. 
